Abstract: Epilepsy is a debilitating disease that impacts millions of people worldwide. While unprovoked seizures characterize its cardinal symptom, an important aspect of epilepsy that remains to be addressed is the neuropsychiatric component. It has been documented for millennia in paintings and literature that those with epilepsy can suffer from bouts of aggression, depression, and other psychiatric ailments. Current treatments for epilepsy include the use of antiepileptic drugs and surgical resection. Antiepileptic drugs reduce the overall firing of the brain to mitigate the rate of seizure occurrence. Surgery aims to remove a portion of the brain that is suspected to be the source of aberrant firing that leads to seizures. Both options treat the seizure-generating neurological aspect of epilepsy, but fail to directly address the neuropsychiatric components. A promising new treatment for epilepsy is the use of stem cells to treat both the biological and psychiatric components. Stem cell therapy has been shown efficacious in treating experimental models of neurological disorders, including Parkinson's disease, and neuropsychiatric diseases, such as depression. Additional research is necessary to see if stem cells can treat both neurological and neuropsychiatric aspects of epilepsy. Currently, there is no animal model that recapitulates all the clinical hallmarks of epilepsy. This could be due to difficulty in characterizing the neuropsychiatric component of the disease. In advancing stem cell therapy for treating epilepsy, experimental testing of the safety and efficacy of allogeneic and autologous transplantation will require the optimization of cell dosage, delivery, and timing of transplantation in a clinically relevant model of epilepsy with both neurological and neuropsychiatric symptoms of the disease as the primary outcome measures.
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There are three main classifications of epilepsy diagnosis: genetic, structural/metabolic, and unknown cause. Genetic epilepsy is caused by a direct genetic defect that causes seizures as one of the primary symptoms. Structural/metabolic epilepsy is caused by a distinct structural lesion or a metabolic disease that is the root cause of seizures. Examples of structural/metabolic type include traumas such as strokes or infections that lead to seizures. Unknown cause epilepsy is not meant to be similar to idiopathic. Instead, it means that there could be a genetic component or it may be due to another disease, but the underlying cause of the seizures is unknown at the current time. 12 Epilepsy also presents with cognitive and behavioral deficits that are typically seen in patients with classic neuropsychiatric disorders. These deficits include: hallucination, change in affect, delusion, apathy, changes in cognition, and delirium, to name a few. 13, 14 People with epilepsy also share comorbidities with neuropsychiatric disorders such as anxiety, depression, and obsessive compulsive disorder. 15, 16 Epilepsy has been known for millennia. From the time before Hippocrates, epilepsy and its symptoms have been attributed to extra-worldly causes, as seen in its depiction in famous paintings and novels. 17, 18 The current treatment options for epilepsy are pharmacologic drugs (ie, antiepileptic drugs [AEDs]) and surgery. AEDs are the primary method of treatment, and function by reducing the overall firing of the brain by inhibiting sodium and other positive ion channels or by activating gamma-Aminobutyric acid (GABA)ergic channels. 19 Surgical resection of the temporal lobe is an option when AED treatment fails, and involves partial removal of the seizuregenerating brain tissue in order to manage symptoms. 20 Most treatments focus on controlling the neurological aspect of epilepsy, but fail to address the neuropsychiatric component. AEDs do help with the neuropsychiatric components indirectly by attenuating neural firing and essentially shutting off pathways that are present.
14 Deep brain stimulation is another treatment option that indirectly treats the neuropsychiatric component of epilepsy by altering the firing of the limbic areas. 21 Additional research is necessary to find a treatment option that ameliorates both the neurological and neuropsychiatric components of epilepsy. Stem cell therapy has emerged as an experimental treatment for a number of neurological and neuropsychiatric disorders. For epilepsy, the goal of stem cell therapy is to enhance stem cell differentiation and growth toward the GABAergic lineage in order to rewire the GABA-deficient neural circuitry seen in epilepsy. 9 This therapy has been reported for treating other neurological disorders, such as Parkinson's disease and multiple sclerosis, and neuropsychiatric diseases, such as depression and schizophrenia. 22 These encouraging results may be extrapolated to include treatment of epilepsy which has both neurological and neuropsychiatric components. 23, 24 In this article, we present in detail the current and emerging treatments of epilepsy, noting the potential of stem cell transplantation, as well as highlighting the gap in knowledge relating to the neglected neuropsychiatric aspect of the disease that will likely direct the treatment indications for epilepsy in future.
Epilepsy: mind over matter
Defining epilepsy as a neurological disorder allows one to understand that it has a physiological basis in the human brain, characterized by a very real and measureable hyperactive neurological etiology. Because of the ethical dilemmas associated with studying brain tissue in human epileptics, many preclinical models of epilepsy have contributed to our understanding of epilepsy by allowing us to study the corresponding changes in neurological tissue and other variations underlying the mechanism of epilepsy. 25 There are a variety of models for studying epilepsy, and the specific model used depends on the question being addressed by the researcher. Because of the limitations in studying epilepsy in human subjects, good animal models are necessary for uncovering the underlying pathology of the disease. 25 Welldefined preclinical chemical, electrical stimulation, genetic, developmental, and trauma models for epilepsy research have been documented. 25 
Epilepsy as a neuropsychiatric disorder
Because of its neurological basis and associated psychopathological, cognitive, and linguistic problems, one can just as easily characterize epilepsy as a neuropsychiatric disorder. 4 What is the use in defining epilepsy in this way? Enumerating the vast array of historical, cognitive, behavioral, psychological, and social issues surrounding epilepsy will allow us a more accurate understanding of these individuals, and can thus potentiate our therapeutic strategies for epilepsy by identifying unmet clinical needs. Widening our scope beyond the biological basis of disease allows us to take into account the obstacles faced by epileptics, which gives an opportunity to improve treatment and provide better quality of life. Studying the behavioral and cognitive abnormalities that parallel the underlying pathology gives us greater insight into the inner workings of the human mind.
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Epilepsy in history and literature
Epilepsy was described as early as 2000 BCE in Babylonian texts. 18, 26, 27 The word "epilepsy" is derived from the Greek word "epilambanein", which is loosely translated as "to seize or take hold of". 17, 18, [26] [27] [28] [29] Popular belief at this time held that seizures were of supernatural origin, induced by the Gods. 17, 18 It is interesting to note, however, that as early as ~400 BCE, Hippocrates had branded epilepsy as a disease of the body and had denied that seizures were divinely provoked. 17, 18, 26, 27 Galen of Pergamon further characterized epilepsy (~130-200 AD) and went so far as to say that seizures were a phenomenon of overactivation or irritation of the brain. 17, 18, 27 Despite this portrayal of epilepsy as a quantifiable, observable defect in the bodies of those afflicted, the view that epilepsy has supernatural origin has persisted and is even depicted in films today. 30 These beliefs have led to stigmatization and fear of epileptics, and a social environment in which epileptics feel outcast. 26 Historically, there have been many implications and allusions toward epilepsy. Prominent historical figures such as Joan of Arc may have had seizures. 18, 31 According to scholars, Joan of Arc's supposed epileptiform seizures gave her divine purpose and the strength to lead France in an effort to free them from English dominion. 31 Though her actual participation in battle is questionable, her role in recovering France from the English dominion in the Lancastrian phase of the 100-year war is undeniable, as many of the noblemen leading troops apparently listened to her advice, believing it to be of divine origin. 32 In "La Divina Comedia", Dante Alighieri quite accurately describes the paroxysmal change in behavior typical of an epileptic, and the postictal confusion that often immediately follows a seizure, in his depiction of a thief's punishment in the seventh circle of hell. 18, 33 Though it is unclear if Dante is aware of epilepsy as a medical disorder, the thief Vanni Fucci's seizure-like episode is precipitated by the bite of a serpent, perpetuating the supernatural explanation of epilepsy. 33 
epilepsy and criminality
The stigmatization of epilepsy through religious texts and literature may have pervaded the early medical literature. Some people like Cesare Lombroso thought that epilepsy was clearly linked with criminality, in that people with epilepsy were much more likely to participate in criminal acts when compared to people without epilepsy. 34 As late as the 1980s, the feasibility of an epileptic performing a complex aggressive act during an ictal state was studied, as the "epilepsy defense" was being used as a plea to insanity for some people who had committed violent crimes. 35 More recent studies have found no such correlation between epilepsy and criminality. Though a link between aggression and the postictal state was shown in a preclinical murine model, there is no evidence to show that epileptics are prone to criminal behavior when compared to individuals without epilepsy. 14, 17 Poor understanding of a disorder and stigmatization can lead to bias, which may explain why Lombroso was convinced of the link between epilepsy and criminality.
epilepsy and psychology
Though overarching links between a disorder like epilepsy and a social construct like criminality may not be present, there is a high comorbidity between epilepsy and psychiatric, behavioral disorders and impairments in social cognition. [36] [37] [38] [39] Studies that look at the link between epilepsy and psychiatric disorders have shown a correlation between peri-ictal and interictal psychiatric symptoms, stating that people who display psychiatric disturbances due to the seizure can develop or display the same symptoms between seizures. 17 Mood and memory are two common deficits in epileptics, with many of these individuals reporting depressed mood and diminished memory capacity. 14, 17, 18 Psychological disorders such as obsessive compulsive disorder, depression, and bipolar disorder have also been correlated with epilepsy. 14 Sleep disturbances are also common, both due to nocturnal seizures and AEDs, and are the target of some holistic approaches to treatment of epilepsy. 4, 14, 17, 18, [26] [27] [28] 33, 40 Since quality sleep has profound implications on our memory, mood, and cognitive functioning, one can conclude that impaired sleep due to epilepsy would negatively affect memory and cognitive functioning. 40 Furthermore, sleep deprivation has been known to selectively impair the consolidation of positive and neutral memories, while not significantly affecting consolidation of negative memories; this could explain the negative mood experienced by many with epilepsy. 40 The developmental implications of epilepsy on the brain are well documented. 17, [41] [42] [43] Epilepsy can interfere with the normal development of neural networks in children, and thus, early diagnosis and treatment is suspected to have an impact on limiting comorbid psychological issues associated with neural network developmental impairment due to epilepsy. 17, [41] [42] [43] These developmental impairments may lead to the array of cognitive impairments seen in epileptics and represent an unmet clinical need in epilepsy patients. 4, 14 The effect of epilepsy on the aging mind is not well studied. 
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Studying art created by individuals with epilepsy gives us insight into the peri-ictal and interictal experiences and the psychological consequences of living with epilepsy. 14, 17, 18, 44 Epileptics often describe feelings of loneliness and isolation from the mainstream society, and gaps in time due to their seizures. 44 This knowledge allows us to better treat individuals with epilepsy. Though there is no correlation between epilepsy and enhanced creativity in music and poetry, the impaired creativity due to epilepsy or epilepsy treatment provides an opportunity to better understand human creativity as a function of intact and properly functioning cerebral circuitry. 28, 29, 45 Impairment of the creative process in epileptics is thought to be a result of the impaired neural circuitry. 28, 45 epilepsy and neuropsychology
Examining epilepsy under the lens of neuropsychology allows us to better understand the disease. This understanding allows us to tailor treatment to epileptic individuals, allowing them to strive for equanimity, blend in a milieu in which epilepsy is stigmatized and feared for its supposed supernatural origin, and thrive despite impairment. Studying the historical, cognitive, behavioral, psychological, and social issues surrounding epilepsy allows us to improve treatment for epileptics and provides profound insight into the human mind.
Epilepsy has been found to be comorbid with many different psychiatric disorders. 29, 46, 47 It has also been demonstrated that patients with depression are more likely to develop epileptic seizures compared to the general population, indicating a bidirectional relationship between epilepsy and psychiatric disorders. 48, 49 Patients with epilepsy are more likely to have mood disorders, like depression, with prevalence rates from 25% to 30%, followed by anxiety, attention disorders, psychotic, and personality disorders. 46, [50] [51] [52] [53] Patients also have a higher suicide ideation of 30% and a rate of 11.5%, which is ten times more than that of the general population (1.5%). 52, 53 Patients with epilepsy who also have psychiatric disorders exhibit different clinical characteristics and are classified as "atypical". The classification of the psychiatric episodes is determined by their onset of seizures. Symptoms are put into four distinct categories: preictal (up to 2 days before the seizure), ictal (during the seizure), interictal (independent of the seizure), and postictal (following the seizure within 5 days). 46 These psychiatric episodes vary from patient to patient, and the severity depends on a multitude of factors. 48 Due to the comorbidity of psychiatric disorders and epilepsy, it is important for clinicians to notice the signs of mood disorders in order to treat epileptic patients. Some of the key things to look for during a psychiatric exam are: anhedonia, irritability, low self-esteem, decreased concentration, suicidal ideation, lethargy, and fatigue. 54 Anxiety disorders are the second most prevalent form of psychiatric disorder in epileptic patients. Many patients experience anxiety as part of the seizure or aura. 55 Postictal anxiety episodes appear in 45% of patients with epilepsy and are typically associated with other mood-related disorders. 56 Attention deficit hyperactivity disorder is found in 20%-30% of pediatric epileptic patients. This disorder tends to persist through childhood into adulthood. Pediatric epileptic patients typically present with the classic signs of attention deficit disorders: impulsivity, irritability, and poor tolerance to challenging scenarios. 46, 56 Patients with epilepsy can also exhibit psychotic disorders with variable symptoms. Epileptic patients present less severe signs of psychosis compared to nonepileptic patients, thus making diagnosis of a psychotic disorder accompanying epilepsy more difficult. 57 Incorrect diagnosis and treatment of the psychiatric components of epilepsy impact not only the patient, but also the entire health care system. Delayed diagnosis leads to an increased burden on the individual patient, their family, and society. 58, 59 Research has demonstrated that psychiatric comorbidity has a negative impact on the efficacy of surgery and the pharmaceutical treatment for epilepsy. 60, 61 Animal models and the biology of epilepsy
The biological bases of epilepsy and psychiatric disorders need to be studied further. However, there are a few key similarities between the two types of disorders that highlight their connection. In animal epilepsy models, serotonin and norepinephrine have critical roles in the pathophysiology. The lack of these neurotransmitters has been shown to increase the severity of seizures. [62] [63] [64] Conversely, an increase in these neurotransmitters, facilitated through reuptake inhibitors, has been correlated with a decrease in severity of seizures. [62] [63] [64] Changes in neurotransmitter levels are thought to be similarly important in psychiatric disorders. Researchers have used positron emission tomography scans to examine serotonin receptor (5-HT1A) activity. Both epilepsy patients and mood disorder patients exhibited a decrease in 5-HT1A binding activity in the temporal lobes near the raphe nuclei. [65] [66] [67] [68] Additional research is still needed to understand the complex mechanisms behind epilepsy and psychiatric disorders. 
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Stem cell therapy for epilepsy-induced neuropsychiatric symptoms Treatments: the old and the new Pharmacologic treatments of epilepsy Current treatments of epileptic seizures are primarily controlled by readily available AEDs. 69 One or multiple AEDs are generally used to treat symptoms in the majority of the epilepsy patient population. 70 AEDs use various mechanisms of action to treat the hallmark symptoms of epileptic seizures. The ultimate goal of drug treatment is to decrease the electrical activity of the brain. This inhibition of neuronal firing is accomplished by blocking sodium channels, calcium channels, and glutamate-mediated responses. 19 Other AEDs provide neuronal inhibition by promotion of GABAergic release or increased potassium channel conductivity. 19 Unfortunately, a noteworthy proportion (nearly 30%) of the epileptic patient population exhibits or develops pharmacoresistance to AEDs. 69 Pharmacoresistance of current AEDs is thought to be multifactorial and due to a variety of genetic and nongenetic factors. 71 Although the exact mechanisms of pharmacoresistance in AEDs is not fully understood, the ABCB1 gene is thought to play a role. 71 P-glycoprotein, a key transporter involved in drug efflux, is thought to be encoded by the ABCB1 gene. 71 It is suggested that variability within the ABCB1 gene may play a role in preventing AEDs from reaching their target, thus resulting in pharmacoresistance to AEDs in patients with polymorphisms of this gene. 71 Also, recent studies have found that certain variants of apolipoprotein E are linked with susceptibility toward certain types of epilepsy and also play a role in the pharmacoresistance against AEDs. 72 Although the development of new AEDs has been proven to cause fewer drug interactions and side effects, they still do not reduce the frequency of drug-resistant epilepsy. 70 When polytherapy using multiple AEDs fails to reduce epileptic symptoms, alternative and surgical treatment options should be discussed following the diagnosis of drug-resistant epilepsy. 73 
Surgical and alternative treatments of epilepsy
Alternative treatment options for epilepsy include surgical resection of the epileptic brain area, ketogenic diet, and neurostimulation devices such as deep brain stimulators and vagus nerve stimulators. 73 It is becoming common practice to provide neurosurgical consultation to drug-resistant epilepsy patients after failure of ~2 AED regimens. 20 Earlier surgical consultation results in overall increased quality of life and decreased medical cost for patients. 20 The temporal lobe is the most common area affected by drug-resistant epilepsy and resection of this brain area has been proven to be an effective treatment method. 20 Effective temporal lobe resection results in seizure control with minimal neurological deficits by removing the mesial temporal structures while maximizing conservation of the neocortex. 20 Deep brain stimulation has proven effective in significantly reducing the seizure frequency as well as intractable aggressive behavior that is sometimes associated with drug-resistant epilepsy. 74 Other neuromodulation-based treatments of drug-resistant epilepsy include vagus nerve stimulation that aims to reduce seizure frequency. 75 Unfortunately, vagus nerve stimulation generally does not provide complete suppression of seizures, but is still effective in reducing the seizure frequency and increasing the response to initial seizure activity. 75 Other alternative treatment options for drug-resistant epilepsy include a ketogenic diet. Although the mechanism of action is not well understood, some studies demonstrate a reduction in seizures in patients who adhere to these dietary restrictions. 76 
Treatments targeting neuropsychiatric symptoms of epilepsy
Patients with epilepsy are particularly vulnerable to neuropsychiatric symptoms including anxiety and depression. 77 Although seizure is the most recognized comorbidity of epilepsy, anxiety and depression are rarely addressed in the differential diagnosis despite being the most prevalent psychiatric comorbidities of epilepsy. 78 Research on anxiety and depression in epilepsy patients lacks exact clarity and longitudinal perspective; however, these neuropsychiatric symptoms are thought to be derived from either psychosocial or neurological causes. 79 Although disorders such as anxiety and depression are often neglected in epilepsy patients, studies have demonstrated the effectiveness of specific, single-item screening methods for these disorders. 80 There are many traditional and nontraditional treatment options for these neuropsychiatric symptoms. Traditional treatments of these symptoms often include antidepressants, specifically selective serotonin reuptake inhibitors and serotonin-noradrenaline reuptake inhibitors. 79 Studies have found that antidepressants reduce the frequency of seizure episodes; however, the association of antidepressants with the underlying disease itself is yet to be investigated. 79 Conducting research on this association between antidepressants and epilepsy would be difficult in human clinical trials due to numerous factors such as prolonged follow-up and multifactorial assessment of outcomes. 79 The use of nontraditional treatments for neuropsychiatric symptoms of epilepsy is steadily increasing. A randomized controlled trial found benefits of mindfulness-based therapy 
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Rao et al for patients with drug-resistant epilepsy. 81 Patients experienced better outcomes in quality of life, mood, and seizure frequency, when compared to social support alone. 81 Another nontraditional treatment is cannabidiol-based treatments for drug-resistant epilepsy. There is preclinical evidence suggesting that cannabidiol has antiseizure effects and could potentially help mediate neuropsychiatric symptoms of epilepsy. 82 Despite the legal challenges in this area of research, there seems to be growing support in advancing cannabidiol-based treatments. 82 There is a lack of research on the association between epileptic drugs and the neuropsychiatric symptoms of the disease. It is difficult to assess the outcomes in animal models because both chronic epilepsy models and chronic antidepressant treatment are required to simulate the disease and treatment course in humans. 79 Recent studies have shown that the pilocarpine model is an appropriate method to recreate the neurobehavioral disruptions seen in TLE in humans. 83 Further investigations using the pilocarpine model with chronic antidepressant treatment may be able to replicate the disease course accurately in humans.
Stem cell therapy and epilepsy Preclinical and clinical studies
Therapeutic use of stem cells has been reported in multiple neurological disease models such as multiple sclerosis, stroke, and Parkinson's disease. 22 Stem cell transplantation therapy has been increasingly explored as a potential treatment option in epilepsy. 9 Preclinical and clinical studies of this approach have utilized several cell types including hippocampal precursor cells, neural stem cells (NSCs), GABAergic precursor cells, and systemic administration of bone marrow-derived mononuclear cells and mesenchymal cells. 9 When NSCs were first injected into a pilocarpine rat model, it resulted in a significant decrease in spontaneous motor seizures. 84 Although each cell type utilizes a different mechanism of action, they all strive to reduce seizure activity in the epileptic area of brain tissue.
Bilateral hippocampal precursor cell grafting has been shown to effectively decrease the frequency of seizures in animal models. 85 This therapy strives to repair the disrupted circuitry within the epileptic area of the brain by reducing aberrant mossy fiber sprouting, while also activating the GABAergic interneurons. 9 The increase of GABAergic interneurons translates into more inhibitory control, thereby providing the desired effects in the epileptic brain areas. 85 NSC transplantation is thought to utilize a multifaceted approach by creating new GABAergic interneurons and also new astrocytes. 9 The underlying significance of new astrocytes is the expression of glial-derived neurotrophic factor (GDNF) that has anticonvulsant properties. 86 There are evident therapeutic effects of NSC transplantation, including reduction of seizure frequency and duration, despite no changes occurring in cognitive function. 86 The loss of GABAergic neurons produces a lack of inhibitory control on the epileptic brain area. 9 Thus, GABAergic cell therapy focuses on replacing the loss of GABAergic neurons, thus increasing the inhibitory synaptic control of the affected area. 9 Studies have shown the anticonvulsant effects of directly grafting engineered GABA-producing cells. 9 Unfortunately, many of these beneficial anticonvulsant effects have been shown to be temporary due to poor graft survival. 9 Other studies have explored these effects when using the precursor cells derived from different areas such as the lateral ganglionic eminence and the medial ganglionic eminence (MGE). 9 Embryonic progenitor cells from the lateral ganglionic eminence treated with fibroblast growth factor-2 and a caspase inhibitor have been found to provide lasting inhibition and reduction in the frequency of spontaneous recurrent seizures (SRS). 9 In addition, MGE progenitor cell grafting has been explored due to the cells' characteristic ability to migrate to surrounding regions from the initial graft site. 9 It is suggested that there is a connection between the pyramidal neurons and the newly formed interneurons which produces the inhibitory effect. 87 Further investigation in clinical GABAergic cell therapy must explore the longterm effects of grafting, results in drug-resistant epilepsy, and usefulness in reducing the cognitive and mood impairments associated with epilepsy. 9 
Autologous stem cell transplantation for epilepsy
The debate continues on what type of transplantation, autologous or allogeneic, to use when treating diseases. These stem cells can be induced to differentiate into a specific type of specialized cells before the actual transplantation procedure. 88, 89 Both autologous and allogeneic transplantation have strengths and weaknesses related to efficacy and safety. In allogeneic transplantation, the donor is not the host, but a very close human leukocyte antigen (HLA) match, like the host's immediate family member. 90 The necessity for a close HLA match creates problems with availability and compliance. 90 In autologous transplantation, the donor and the host are the same individual, thus ensuring an exact HLA match. These autologous cells can be differentiated into many cell types. 89 The primary weaknesses of an autologous 
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Stem cell therapy for epilepsy-induced neuropsychiatric symptoms transplantation are the limited quantity of stem cells that can be extracted and the significant length of time required for proliferation. 91 Autologous transplantation offers some advantages in regard to patient ethics, prognosis, and safety. Since autologous transplants originate from the same individual as the recipient, there is no need to use embryonic or fetal tissues, thereby bypassing some of the more controversial ethical concerns of stem cell transplantation. Autologous transplantation has a reduced risk of tumorigenesis and graft rejection, compared to allogeneic transplantation. [92] [93] [94] [95] As a result, most allogeneic transplantation requires the administration of immunosuppressants to attenuate the immune response of the graft and of the host, as seen in graftversus-host disease (GVHD). Autologous transplantation does not have the risk for GVHD since the donor and host are the same. The prevalence of GVHD is increasing due to the rise in the number of transplantations. 96 GVHD has three requirements: the graft should have immunologically competent cells, the host and donor antigens must be different, and the host must be incapable of attacking the transplanted cells. 97 The mechanism of action is described as a response from the T cells that are in the graft against the host tissue. 97 This immune response leads to multiple organ system damage and possible rejection of the graft. 90 A systematic review found that autologous transplantation did not increase the risk of mortality or the incidence of tumorigenesis. 98 Studies have also found that autologous transplants from older patients are less likely to cause tumors. 93, 99 The reduced risks associated with autologous transplantation make it a prime candidate for expedited review by the US Food and Drug Administration which is intended to evaluate a novel therapy that satisfies an unmet medical need for a serious, debilitating medical condition. In this case, autologous stem cell transplantation offers certain advantages over current treatments for epilepsy, and thus would be well suited for expedited review. 100 There are clinical trials in Phase I/II for autologous transplantation of NSCs for Parkinson's disease. 101 Epilepsy is the next neurological disorder that can be treated with stem cell therapy. Stem cells from the subventricular zone (SVZ) and other areas along the dentate gyrus can be isolated at present. 102 These cells can be isolated by a temporal lobectomy or endoscopic resection. 103, 104 Autologous transplantation of NSC has emerged as an area of interest due to the observed neurogenesis in the hippocampus and the parahippocampal gyrus which are involved in TLE. 105, 106 The intended purposes of stem cell transplantation are to provide growth factors and trophic factors, while facilitating neurogenesis with a special focus on differentiation into the inhibitory GABAergic neurons whose loss has been implicated in epilepsy. 107 The ability of NSCs to differentiate into GABAergic interneurons has been observed in the dentate gyrus of mice with TLE. 108 The NSCs used in transplantation can be obtained from the SVZ, which is one area of persistent NSC presence, and then expanded in culture before transplantation. Other sources of NSCs include the embryonic MGE. 86 Neurogenesis presents an issue of trade-off in the TLE model. Neurogenesis in the acute phase after insult is abnormal and deleterious, whereas neurogenesis in the chronic phase is critical to counteract the neurodegeneration that is associated with epilepsy. 109, 110 High temporal specificity is, therefore, as important an element as spatial specificity in any future epilepsy therapy based on stem cells.
Induced pluripotent stem cells (iPSCs) are stem cells derived from adult cells that may offer the advantages of autologous transplantation. The groundbreaking induction of somatic cells into pluripotent stem cells was first achieved in 2006 by Takahashi and Yamanaka by introducing certain reprogramming genes found to drive stem cell self-renewal, such as Oct-4 and SOX2, into fibroblasts. 111 The ability to generate iPSCs provides the promise of autologous cell replacement and gene therapy to reprogram cells. Viral vectors to deliver the reprogrammed transgenes may involve the use of permanently integrating viruses. 111, 112 Whereas genetic stability is achieved with permanently introducing transgenes, alternative approaches employing nonintegrating viruses such as adenoviruses and Epstein-Barr virus have been explored. 112 Another use of iPSCs is generation of a population of neural cells that release specific neurotransmitters (eg, GABA) and integrate them into a specific location such as the dentate gyrus. 113 Such targeted introduction of neurotransmitter-producing neural cells could be a powerful autologous therapy for epilepsy in the future. In parallel, iPSCs may serve as a research tool to generate patient-derived neural cells for mechanistic studies and drug testing, 114, 115 which will facilitate human modeling of epilepsy allowing a better understanding of the disease and its treatment.
Our TLE model uses intraventricular injection of kainic acid (KA) to induce SRS in virtually all rats within 3-4 months, while other groups use pilocarpine. 116 KA was used to create a unilateral hippocampal injury model of TLE through the loss of CA1 and CA3 pyramidal neurons, similar to the hippocampal sclerosis seen in TLE. 117 NSCs obtained from the adult SVZ were implanted into the hippocampus of rats that were receiving KA. A statistically significant 
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Rao et al decrease in abnormal electroencephalography spiking was observed 2 weeks after NSC transplantation. 118 At 5 weeks posttransplantation, grafts of NSCs were detected at CA3 of the hippocampus and in the subgranular zone into which they had migrated. Most of the transplanted NSCs were found to express glial fibrillary acidic protein, indicating that they were astrocytes, but some NSCs also expressed neuronal nuclei (NeuN), indicating that they had differentiated into mature neurons. The transplantation of MGE-derived NSCs saw a 43% decrease in the frequency of SRS at 3 months postgrafting. NSC-derived cells were found in the CA3 and CA1 fields of the hippocampus with an approximate yield of 28% of the injected cells. 86 Transplanted NSCs have been observed to have a survival rate of nearly 30% at 3 months after grafting, with ~91% of those surviving NSCs differentiating into GABAergic neurons. 119 The differentiated GABAergic interneurons were found to express markers such as neuropeptide Y, which has been shown to inhibit glutamatergic excitation in the epileptic dentate gyrus. 120 NSCs have also demonstrated secretion of stem cell factor with concomitant increase in c-Kit, the ligand for stem cell factor. 121 Such stem cell factors likely constitute the mechanisms for the observed reduction in epileptic activity after transplantation of NSCs.
Immunohistochemical staining revealed increased pre servation of GABAergic inhibitory neurons and a reduction in abnormal mossy fiber growth, which has been correlated with the increased excitability of the hippocampus in epilepsy. 116, 122 Our laboratory has also reported that infusion of erythropoietin significantly increased the survival of transplanted NSCs while suppressing aberrant neurogenesis in the dentate gyrus. 118, 123 The results of decreased abnormal neuronal activity, increased secretion of neurotrophic factors, and decreased abnormal mossy fiber growth suggest a neuroprotective effect against seizures from the transplanted NSCs. Grafts of NSCs have also been observed to increase the numbers of GABAergic neurons and GDNF-secreting cells in the hippocampus. 86 GDNF levels were increased in the hippocampus after seizures induced by KA and the levels correlated with anticonvulsant effects. 124, 125 Transplantation of NSCs in the pilocarpine-induced TLE model has demonstrated similar effects as in the KA-induced model. The transplantation of β-galactosidase-encoded human NSCs in rats exhibiting SRS due to administration of pilocarpine saw only 13% of the rats receiving NSCs to continue exhibiting SRS. 22 β-gal+ NSCs were found in the hippocampal CA1 and CA3 areas among others, while only a fraction of them were found to be mature NeuN-expressing mature neurons. Some of the β-gal+ cells demonstrated some degree of differentiation into GABAergic neurons by expressing identifying markers.
Stem cell therapy for treatment of epilepsy-induced neuropsychiatric symptoms
Stem cell therapy presents an intriguing alternative approach to treat epilepsy that is fundamentally different from anticonvulsants and electrical stimulation which seek to manage the symptoms and not address the underlying causes of epilepsy. Stem cell therapy has the potential to provide neurotrophic factors and stimulate neurogenesis. While NSC grafts have demonstrated a reduction in SRS, further studies are needed to assess the differentiation of stem cells into GABAergic interneurons and other cell types. Establishment of a consistent method of controlled differentiation of stem cells into desired cells could allow for epilepsy to be treated with the replacement of deficient or defective neurons using the patient's own stem cells. At the same time, the ability of the transplanted stem cells to differentiate must be balanced with the danger of tumorigenesis. Uncontrolled differentiation and migration of stem cells could pose a grave risk for tumor growth and metastasis. Further research into the longevity of stem cells along with their long-term production of trophic factors would help evaluate the safety and efficacy of stem cell therapy toward treating epilepsy, which is most often a lifelong neurological disease.
There have been various studies that investigated the administration of stem cells into rat and mouse models of status epilepticus and other relevant animal models of epilepsy that provide valuable insights into the clinical benefits of stem cells as a potential treatment option for those suffering with epilepsy. The administration of stem cells into the status epilepticus animals has been shown to ameliorate many pathological symptoms of the disease, attributed to neuroprotection. Stem cell transplanted epileptic animals display reduced seizures (both in frequency and duration), and improved memory and learning, with postulated neuroprotective effects characterized by decreased neuronal loss, increased neurogenesis, reduced microglia and astrocyte activation, and robust anti-inflammatory response. 9, 89, [126] [127] [128] [129] [130] [131] [132] [133] [134] Although these studies investigated the hallmark biological basis of the disease, the psychiatric component of epilepsy was not examined. To date, no definitive study has explored the effects of stem cells on psychiatric symptoms in animal models of epilepsy. 
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Stem cell therapy for epilepsy-induced neuropsychiatric symptoms Currently, neuropsychiatric disorders are considered a comorbidity of epilepsy. The use of stem cell transplantation in treating epilepsy-induced neuropsychiatric symptoms still requires further investigation to determine its safety and efficacy. It is currently hypothesized that neurogenesis in mood-affecting areas of the brain will improve depression and other neuropsychiatric disorders. 23 Despite the presence of optimistic theories on the effectiveness of stem cell transplantation, careful and rigorous preclinical studies are warranted to advance cell therapy for treating the neurologic and neuropsychiatric symptoms of epilepsy.
Recapping the future of epilepsy
Epilepsy is a debilitating disease that affects millions of people and is currently only managed and not cured. The use of AEDs and surgical resection are treatments that forgo the neuropsychiatric aspect of epilepsy, a component that is just as important as the neurological aspect. Autologous stem cell therapy is a treatment option that is gaining ground for treating neurological and psychiatric disorders. This cell-based therapy can be used for the treatment of epilepsy. Autologous stem cells reduce the risk of GVHD and can be harvested from the SVZ during surgical resection. In epileptic patients, these cells can be primed to reconstruct the dysfunctional neural circuitry, although not correcting the GABA deficiency. As in any novel treatment, caution in translating laboratory investigations into clinical applications will require careful and rigorous preclinical studies on the safety and efficacy of the therapies. Optimization of stem cell dose, route of cell delivery, and timing of intervention need to be tested in clinically relevant models of epilepsy that capture both neurologic and neuropsychiatric symptoms of the disease.
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